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Abstract
TRPC-mediated Ca
2+ entry has been implicated in the control of smooth muscle proliferation, and might represent a pivotal mechanism underlying in-stent restenosis. As we have observed significant expression of TRPC3 in human smooth muscle from coronary as well as aorta, we tested the efficiency of a recently discovered TRPC3 selective Ca 2+ entry blocker Pyr3 to prevent vascular smooth muscle proliferation and stent implantation-induced hyperplasia of human aorta. The effect of Pyr3 on proliferation was measured by detection of BrdU incorporation and PCNA expression in human coronary smooth muscle and microvascular endothelium, which displays significantly smaller expression levels of TRPC as compared to smooth muscle. Pyr3 inhibited smooth muscle proliferation but lacked detectable effects on endothelial proliferation. Measurements of ATP-induced Ca 2+ signals revealed that Pyr3 suppressed agonist-induced Ca 2+ entry more effectively in vascular smooth muscle as compared to endothelial cells. Inhibitory effects of Pyr3 on stent implantation-induced arterial injury was tested using a novel in vitro model of in-stent hyperplasia in human arteries based on organ typical culture of human aortic constructs. Pyr3 effectively prevented increases in tissue levels of PCNA and Ki67 at 2 weeks after stent implantation into human aortae.
Similarly, proliferation markers were significantly suppressed when implanting a Pyr3 releasing stent prototype as compared to a bare metal stent control. Our results suggest TRPC3 as a potential target for pharmacological control of smooth muscle proliferation.
Selectively inhibition of TRPC Ca 2+ entry channels in vascular smooth muscle is suggested as a promising strategy for in-stent restenosis prevention.
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Introduction
Alterations in Ca 2+ signaling and Ca 2+ transcription coupling of smooth muscle are crucially involved in arterial restenosis after angioplasty (Magnier-Gaubil et al., 1996; Munaron et al., 2004) . Various Ca 2+ signaling mechanisms have been implicated in the promotion of neointima hyperplasia (Sweeney et al., 2002; Watanabe et al., 2009; Ogawa et al., 2012) including TRPC-mediated Ca 2+ entry. Since modified expression of TRPC proteins was observed in response to angioplasty (Bergdahl et al., 2005) , these signaling molecules were
proposed to contribute to disease progression involving angioplasty-induced remodeling of Ca 2+ signaling pathways. Consequently, receptor/phospholipase C and store-operated Ca 2+ entry mechanisms have emerged as attractive targets for pharmacological prevention of instent restenosis, which occurs in 13-36% of cases (Yutani et al., 1999) . In-stent restenosis is the result of a healing reaction, which includes vascular smooth muscle phenotype switching from contractile to a synthetic form (Moses et al., 2001; Yang et al., 2001; Costa and Simon, 2005 ). Strategies to eliminate or minimize in-stent restenosis include the controlled release of antiproliferative, immunosuppressive and anti-inflammatory drugs from the stent surface.
Current drug-eluting stent (DES) technology is mainly based on antimitotic drugs such as paclitaxel (Park et al., 2003) and immunomodulatory compounds such as sirolimus (Rensing et al., 2001; Serruys et al., 2002) . One major disadvantage of this type of drugs is the inevitable disturbance of endothelial functions and impairment of re-endothelialization of the dilated vessel segments (Matter et al., 2006) . Thrombosis is significantly promoted as a consequence of incomplete recovery of the endothelium, and late DES thrombosis has been recognized as the major life threatening complication (Finn et al., 2007 (Abdullaev et al., 2008; Peel et al., 2008; Ogawa et al., 2012) . Similarly, TRPC proteins have been implicated in the control of smooth muscle proliferation and have also been proposed as pivotal Ca 2+ signaling molecules in the endothelium (Remillard and Yuan, 2006; Groschner, 2010) . Tissue specific differences appear to exist in the TRPC expression pattern and in TRPC Ca 2+ signaling. Moreover, TRPC-mediated Ca 2+ entry pathways in endothelial as well as smooth muscle show striking plasticity along with phenotype switching (Bergdahl et al., 2005; Berra-Romani et al., 2008; Graziani et al., 2010) . While TRPC4 along with TRPC1 and TRPC6 appear highly expressed and of functional significance in endothelial cells (Freichel et al., 2004; Paria et al., 2004; Graziani et al., 2010) , TRPC6 and TRPC3 have been identified as important players in diseased states of vascular smooth muscle (Thippegowda et al.; Yao and Garland, 2005; Liu et al., 2010; Park et al., 2011) . As TRPC3 represents a Ca 2+ entry channel that is tightly linked to transcriptional control (Poteser et al., 2011) and is expressed at significant level in human arterial smooth muscle, we set out to evaluate the therapeutic potential of selective inhibition of this Ca 2+ entry channel. Utilizing a recently identified selective inhibitor of TRPC3 (Glasnov et al., 2009; Kiyonaka et al., 2009 ) and a novel in vitro model of stent-induced smooth muscle hyperplasia, we provide the first evidence for the suitability of isoform elective suppression of TRPC signaling as an effective DES strategy.
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Control transfections were performed with peYFP-C1 vector.
Pyrazole 3 (Pyr3)
The TRPC3 pore blocker ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5 (trifluoro-methyl)-1H-pyrazole-4-carboxylate (Pyr3) was synthesized as described recently (Glasnov et al., 2009; Obermayer et al., 2011) . When Pyr3 was introduced at a single concentration, we used 10 µM, since this concentration has been shown repeatedly to exhibit maximum inhibitory action on TRPC3 without significant effects on other TRPC channel proteins (Kiyonaka et al., 2009 ).
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Test Devices
Vessels were randomly allocated to three different groups, which were dilated by different balloon expandable coronary stents systems at sizes of 3.0/15 mm. The cobalt-chromium BMS (L605, n=4) consisted of the PRO-Kinetic Energy® (BIOTRONIK AG, Switzerland)
BMS with a strut thickness of 60 µm and a second control BMS group laser-cutted with the identical design but made of stainless steel (316L, n=7). The Pyr3 eluting stent (P3-S; n=4) was based on the PRO-Kinetic Energy® BMS with a spray-generated biodegradable polymeric stent coating, poly(D,L-lactide) (PDLLA) interspersed with Pyr3 at 12 µg/mm. All stents were implanted for 14 days.
Ex vivo stent implantation and culture conditions
Balloon-expandable coronary stent systems based on the PRO-Kinetic Energy® (BIOTRONIK AG, Switzerland) were used as outlined above. Balloon catheters with mounted stents were inserted into aortic segments and inflated with 12 bar for 5 s to achieve Elastica van Gieson's staining (EvG) to differentially stain collagen and smooth muscle.
Microscopic images were taken using a Nikon Eclipse E600 equipped with a Nikon Digital Sight DS-U1 unit (SPACH OPTICS INC. New York, US).
Proliferation Assay
Cell proliferation was determined by bromodeoxyuridine (BrdU) incorporation into newly synthesized DNA of actively proliferating cells. A colorimetric BrdU Cell Proliferation Assay (Merck, Vienna, AT) was employed according to the manufacturer's instructions. HCASM and HMEC were cultured in 100 mm dishes and incubated for 2 days with 1, 3, 5 and 10 µM Pyr3, respectively. Cells were trypsinized and hCASM were seeded at a density of 5x10 4 cells/ml and HMEC were seeded at a density of 2x10 4 cells/ml onto 96-well plate in their respective medium applied with supplemental, antibiotics and Pyr3 in the mentioned concentrations. After sedimentation (~ 6 hours) BrdU-label was administrated and incubated overnight. Absorbance was measured using a spectrophotometric plate reader at dual wavelengths of 450-550 nm.
RNA isolation and qRT-PCR
For RNA extraction AOC tissue was first incubated with RNAlater and custom made rabbit anti-TRPC3 (Eder et al., 2007) . Chemoluminescent protein detection was carried out using horseradish peroxidase-conjugated secondary antibodies anti-mouse, 1:5000 and anti-rabbit, 1:3000 (both from Sigma-Aldrich) and Chemi Glow
Chemiluminescence Substrate Sample Kit (Biozym Biotech Trading GmbH, Vienna, AT).
Immunochemistry and microscopy
Staining procedure and microscopy were performed similar to (Schernthaner et al., 2012) . For short, fixed cells were incubated with rabbit anti-Ki67 antibody 1:200 (Abcam, Cambridge, UK) or with custom made rabbit anti-TRPC3 antibody 1:300 (Eder et al., 2007) in PBS over night at 4° C. As a secondary antibody anti-rabbit-TRITC 1:300 (Sigma Aldrich) in PBS for 1h at 37° C was used.
Statistical Analysis
Numerical data are presented as mean ± S.E.M. this concept with respect to TRPC3, for which a selective blocker has recently become available. In an initial set of experiments we determined at which levels TRPC3 is expressed in human arterial smooth muscle and endothelial cell lines. We detected significantly higher TRPC3 protein expression in human coronary smooth muscle (hCASM) as compared to human microvascular endothelium (HMEC) (Figure 1) . We confirmed expression and demonstrated plasma membrane localization of TRPC3 by immunostaining of hCASM, demonstrating TRPC3 immunoreactivity in the plasma membrane (supplemental information, Figure S1 ).
Based on the proposed crucial role of TRPC3 in cellular Ca 2+ homeostasis, specifically in receptor/phospholipase C-dependent Ca 2+ signaling of vascular cells (Kamouchi et al., 1999; Lin et al., 2004) , we expected a TRPC3 expression-dependent impact of Pyr3 on Ca 
Pyr3 inhibits proliferation of human smooth muscle cells (hCASM) but not of human endothelial cells (HMEC).
The observed higher sensitivity of agonist-induced Ca 2+ entry in smooth muscle as compared to endothelial cells prompted us to test for differences in the antiproliferative action of Pyr3 between these cell types and for a potential smooth muscle selective suppression of cell proliferation. We first measured cell proliferation by BrdU incorporation. The results show dose-dependent antiproliferative activity of Pyr3 in hCASM, while antiproliferative effects of Pyr3 were lacking up to concentrations of 10 µM ( Figure 3A ). In addition, we confirmed the antiproliferative effect by monitoring the proliferation marker PCNA at the mRNA level (supplemental information, Figure S2 ) and protein expression level of both cell types ( Figure   3B ). Pyr3 was administered at concentrations of 1 µM, 3 µM and 5 µM, which caused concentration-dependent inhibition of PCNA expression in hCASM, but were without significant effects in HMEC. As our results indicated a crucial impact of TRPC on smooth muscle proliferation, we tested this concept by a genetic approach. Knock-down of TRPC3 function was performed by expression of the dominant negative TRPC3 constructs E360K
and n-TRPC3, respectively. Both dominant negative proteins strongly suppressed smooth muscle proliferation as monitored by Ki-67 expression (supplemental information, Figure S3 ).
Pyr3 inhibits smooth muscle proliferation in a novel human ex vivo model of stentinduced arterial injury and neointimal hyperplasia
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Based on the observed antiproliferative activity, Pyr3 was tested for its ability to suppress instent neointimal hyperplasia in human arteries using a novel ex vivo organ culture model based on stent implantation into aortic constructs. In an initial set of experiments, we tested suitability of this organ culture model. Preservation of tissue viability and architecture after a culture period of two weeks was demonstrated by microscopical evaluation of HE and EvG stained tissue sections (supplemental information, Figure S4 ). Employing this model system, we determined the impact of Pyr3 on stent implantation-induced hyperplasia in human arteries. In a first set of experiments we administered Pyr3 at 10 µM via the organ culture medium and determined PCNA as proliferation marker. As illustrated in Figure 4A and 4B
(Left) the implantation of 316L bare metal stents in the human aortic constructs caused a significant enhancement of PCNA mRNA levels as compared to unstretched controls (dashed line). Addition of Pyr3 (10µM) to the culture medium resulted in a significant reduction in PCNA mRNA levels measured 2 weeks after stent implantation. This antiproliferative effect was confirmed by measurement of PCNA protein levels ( Figure 4A ). As the continuous presence of an inhibitor in the culture medium does not represent the DES scenario, we further evaluated the suitability of Pyr3 as a drug for the prevention of in stent restenosis by characterization of a standard bare metal stent coated by a Pyr3 containing polymer representing a Pyr3-DES prototype. Implantation of these stents into human aortic constructs resulted in a similar reduced level of proliferation markers as obtained with 10 µM Pyr3 in the culture medium ( Figure 4B ). Additionally, we confirmed the antiproliferative impact of Pyr3, by qPCR experiments demonstrating that Pyr3 also reduces the proliferation marker Ki-67 at the mRNA levels (supplemental information, Figure S5 ). Our findings demonstrate that stent implantation into human aorta initiates neointima hyperplasia, which is suppressed by Pyr3 delivered via standard DES technology. These results clearly demonstrate a profound antiproliferative activity of Pyr3 in human arteries.
Pyr3 inhibits stent implantation-induced upregulation of TRPC3 expression
As upregulation of TRPC expression and a positive "feed-forward" regulation of TRPC signaling have been reported for excessive TRPC activation in myocytes, we speculated that stent implantation may enhance TRPC3 expression in human aorta. Indeed, a significant increase in TRPC3 expression was observed in response to stent-induced injury of aortic constructs ( Figure 5 , Left) as compared to unstretched controls (dashed line). Implantation of Pyr3 releasing stents, by contrast, failed to induce significant changes in TRPC3 expression along with reduced in-stent hyperplasia. Stent-induced enhancement of TRPC3 mRNA expression was effectively prevented by Pyr3 delivery via the DES. These results were corroborated by quantification of TRPC3 protein levels ( Figure 5 , Right). These results indicate that selective TRPC3 inhibition prevents a positive "feed forward" regulation of TRPC3 signaling that is associated with stent-induced injury of human arteries.
Discussion
The success of angioplasty with BMS is typically hampered by a reactive smooth muscle hyperplasia. The need for new, efficient drugs to prevent in-stent restenosis motivated us to test the hypothesis of selective suppression of TRPC Ca 2+ signaling as a suitable drug-eluting stent strategy. We present evidence for both antiproliferative activity of the selective TRPC3 channel inhibitor Pyr3 in human coronary smooth muscle and for a weak interference of this compound with proliferation of endothelial cells. Our results demonstrate that Pyr3 i) exerts a profound inhibitory effect on Ca 2+ entry into human arterial smooth muscle, ii) suppresses proliferation of smooth muscle cells and iii) prevents stent-implantation-induced hyperplasia of human arterial smooth muscle.
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Cell type specific antiproliferative action of Pyr3
A particular challenge in drug eluting stent development is the identification of suitable antiproliferative compounds that do not suppress re-endothelialization, which is essential for the prevention of late thrombotic events after angioplasty (Finn et al., 2007) . In line with profound TRPC3 expression in human arterial smooth muscle and its importance for control of transcriptional programs, as demonstrated by use of dominant negative TRPC3 pore mutations (Poteser et al., 2011) we observed inhibition of arterial proliferation by the TRPC3 inhibitor Pyr3. As the antiproliferative action of Pyr3 might be restricted to tissues with prominent TRPC3 expression, we tested its effect also in human endothelial cells which typically display low TRPC3 expression (Paria et al., 2004) but prominent expression of TRPC1, TRPC4 and TRPC6 (Cioffi and Stevens, 2006; Zhang and Gutterman, 2011; Cioffi et al., 2012) . One example for this expression pattern is provided by endothelial cells of human microvascular origin (HMEC). We confirmed moderate expression of TRPC3 in HMEC and, indeed, observed insensitivity of cell proliferation to inhibition by Pyr3. Nonetheless, a role for TRPC3 expression in endothelial proliferation has been recently suggested from studies using siRNA knock-down strategy (Antigny et al., 2012) . One explanation for the discrepant effects of siRNA knock-down and selective channel block might be the recently identified scaffold function of TRPC3 in Ca 2+ transcription coupling (Poteser et al., 2011) . Thus expression of the protein but not channel function might be important in endothelial cells..
Proliferation of HMEC is likely governed by TRPC proteins other than TRPC3 as recently
suggested (Fantozzi et al., 2003; Ge et al., 2009; Sundivakkam et al., 2009) or by STIM-Orai complexes (Abdullaev et al., 2008 (Rosker et al., 2004; Eder et al., 2007; Poburko et al., 2008) . Inhibitory effects of Pyr3 on endothelial Ca 2+ entry were smaller than those on smooth muscle Ca 2+ homeostasis. Due to the selectivity of Pyr3, these effects are unlike due to inhibition of TRPC channels but might be related to interaction of Pyr3 with other Ca 2+ transport systems such as Orai1 (Schleifer et al., 2012) .
These effects were not associated with changes in proliferation. Thus, paucity of TRPC3 expression in HMEC may well explain the lack of antiproliferative effects of Pyr3. On the other hand suppression of smooth muscle proliferation in response to inhibition of TRPC3 function was also confirmed by dominant negative knock down (supplementary information, Figure S3 ) using well established TRPC3 constructs (Poteser et al., 2011) .
Our results unequivocally strengthen the hypothesis of a tissue specific targeting of transcriptionally active Ca 2+ entry pathways by pyrazole TRPC inhibitors. Thus, selective inhibtion of arterial smooth muscle proliferation by Pyr3 may represent an attractive strategy for prevention on neointima formation, and in-stent restenosis. To test the principle efficiency and suitability of Pyr3 for this therapeutic application, we set out to investigate its effects in a simple ex-vivo model of stent-induced arterial injury.
Selective inhibition of TRPC3 is an efficient strategy to suppress stent-induced media hyperplasia
Effects of Pyr3 on arterial responses to stent implantation were investigated in an organotypical culture model of human aorta. Stent implantation into human aortic segments of coronary-like architecture initiated a substantial increase in proliferation markers. Pyr3, when administrated either simply via the culture medium or locally via a conventional drug This article has not been copyedited and formatted. The final version may differ from this version.
jpet.aspetjournals.org Downloaded from eluting stent system, effectively prevented or ameliorated the injury response. Our results suggest that selective TRPC3 inhibition is suitable to prevent cell proliferation and tissue remodeling after by stent implantation. Effectiveness of Pyr3 as an inhibitor of tissue and organ responses to stress was initially suggested for hypertrophic remodeling of the heart (Kiyonaka et al., 2009) and is now demonstrated for stent-induced neointima formation.
These processes of tissue remodeling appear to involve not only Ca 2+ signaling due to stressinduced activation of TRPC channels but also a "feed forward", vicious cycle of Ca 2+ -mediated upregulation of TRPC expression. Consistently, we observed indeed enhanced TRPC3 expression in response to stent implantation into human aortic constructs that was prevented by Pyr3. Hence, selective block or inhibitory modulation of TRPC channels is proposed to prevent the stress-initiated vicious cyle and tissue remodeling processes.
Pharmacotherapeutic implications
TRPC signaling is likely involved in early steps of pathological remodeling processes, specifically in the cardiovascular system. This pathophysiological role is substantiated by the recently identified linkage of TRPC Ca 2+ signals to control of gene transcription (Poteser et al., 2011 This article has not been copyedited and formatted. The final version may differ from this version.
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